Abstract: A dual-polarization, dual-frequency and dual-transvers-mode laser beam is generated by a dual-medium microchip laser. The dual-transvers-mode includes a linearly polarized LG 01 mode and a perpendicular polarized TEM 00 mode, which have different optical frequencies. How is the beat frequency of the dual-mode influenced by the thermal factors, including cooling temperature of birefringent crystal and thermal effect of gain medium, is experimentally investigated and theoretically analyzed. These studies offer an extension and better understanding of the dual-medium based dual-frequency laser, which is of important applications in coherent Lidar detection and optical communications.
Introduction
Microchip laser is convenient to achieve single mode oscillation due to its pretty short cavity [1] , [2] . And it's also used to generate perpendicularly polarized dual-frequency laser output [3] - [5] . The dual-frequency with frequency difference of several MHz to tens of GHz could be applied in precision measurement, Lidar detection or laser communications. To generate large frequency difference in the order of GHz or tens of GHz, a simple mechanism design is a dual-crystal-chip stacked cavity, where one crystal chip serving as the gain medium and the other is a birefringent one serving as the generator of the dual frequency with perpendicular polarizations [6] . To distinguish the latter dual-frequency microchip cavity from the single crystal one, the two crystal based dual-frequency microchip laser can be named as dual-medium microchip laser (DMML).
Some works have been carried out on the DMML [6] - [8] . The thermo or electric filed induced variation of the frequency difference has been studied and clarified by these works. However, there are still some basic characteristics of the DMML are left to be discussed and clarified. Actually, the DMML as a special laser cavity design has lots of new phenomena to be investigated on spectrum, polarization and transverse modes. An interesting phenomenon of this DMML mechanism is that a dark hollow beam (DHB) can be directly obtained along with a perpendicular polarized TEM 00 mode, which would be shown in this paper. Compared with the well-known methods to generate Fig. 1 . The structure of DMML (a) (Ref. [18] , Fig 1(a) ) and experimental setup (b). In (b), DMML is the dual-material microchip laser, M1 is a 45-degree dichroic mirror with high reflection at 1064 nm and high transmission around 800 nm, M2 and M3 are both 45-degree 1:1 beam splitters at 1064 nm, and L1 is a focused lens.
DHB [9] - [12] , the generation with laser diode pumped microchip laser is simpler and costless. Using a hollow pump beam to achieve the DHB generation in microchip cavity was studied [13] , [14] , however, to obtain the hollow pump beam is also not easy. Recently, direct DHB generations by laser cavity without special pump design are achieved [15] - [17] , while the DHB is not stable enough or the cavity design is quite complex. When the DHB is designed to be generated with DMML, the properties of the output beam are dual-transverse-mode, dual polarization and dual-frequency, which is quite special compared with the ordinary laser beams.
In this paper, we investigate the thermo-induced properties of the dual-polarization, dualfrequency, and dual-transverse-mode output. The dual-polarized dual-mode includes the perpendicularly and linearly polarized TEM 00 mode and the DHB which is a LG 01 mode at certain pump powers. These two modes are different in optical frequency, and their intensity distribution can compose a near top-hat beam in the cross section. It was experimentally observed that the thermos are the most important factor that influence the dynamics of longitudinal modes in the DMML cavity. The thermos in the cavity come from both cooling temperature of the chips and the thermal effect of the gain medium. To a dual-frequency laser, the thermal effect of the gain medium is introduced to study the beat frequency for the first time. The study on the thermo-induced dynamics of transverse and longitudinal modes give us a better understanding of the generated dual-polarization, dual-frequency, and dual-mode laser beam, and also set the foundation of its further investigation.
Experimental Setup
The experimental setup is shown in Fig. 1 , in which the DMML is the same with that in one of our former papers [18] . The DMML is composed of a 400 μm thick Nd:YAG chip with 1 at.% doping concentration and a 1 mm thick a-cut LiTaO 3 (LTO 3 ) chip. The chips both have a cross dimension of 5 × 5 mm 2 , and pumped by a 793 nm diode laser with a focused spot size of around 100 μm inside Nd:YAG chip. A copper chip, which has a small hole with 2 mm in diameter at the center, is stacked at the input end of Nd:YAG chip to serve as the heat sink. And the heat sink is attached with a Thermo Electric Cooler (TEC), which is modulated by a temperature controller with accuracy of 0.01°C.The output dual-frequency laser of the DMML is separated by a polarization beam splitter (PBS, the polarization ratio is better than 1000:1 at 1064 nm). The PBS can be rotated to select the polarization beam that propagates to the subsequent setups for measurements. A polarizer with a 45-degree intersection angle between its polarization direction and the x (or y) axis, can be inserted into the optical path to achieve the beat signal of the two perpendicular polarizations. M1 is a 45-degree dichroic mirror with high reflection at 1064 nm and high transmission around 800 nm, which can filter the residual pump power from the output laser. M2 and M3 are both 1:1 beam splitters at 1064 nm for 45-degree incident angle, which separate the beam to two perpendicular directions for different measurements. 
Experimental Results
As the birefringent indexes of LTO 3 crystal are changed with temperature, thermo is a quite important factor for the dual-frequency laser generation and its relative parameters in the experiment. There are two aspects of the thermos that have influence on the dynamics of the transverse and longitudinal modes. The first is the cooling temperature, which can change the refractive indexes of the crystals, meanwhile leading to thermal expansion of the crystals as well. The two variations above will change the optical lengths of both crystals and the cavity. The second is the absorbed pump power induced thermal distribution along the radial direction of the Nd:YAG chip, which is considered to only change the optical length in the Nd:YAG crystal. Actually, the temperature of LTO 3 chip may also be influenced due to the heat conduction between the two crystals. However, the heat conduction coefficient on the interface of Nd:YAG and copper is much larger. So we neglect the thermal influence of the pump on the LTO 3 chip. As the absorbed pump power induced temperature distribution is approximately parabolic to Gaussian along the radial direction, the cavity optical lengths are different at positions with different radiuses to the optical axis. It may be insignificant for a long cavity oscillator, while matters a lot for the pretty short microchip cavity.
In this section, let us bring the experimental results first, then the corresponding explanations and discussions are given in Section 4. The output power from the DMML with cooling temperature of 28-degree centigrade is shown in Fig. 2 , where we could see that the curves of the output power versus pump power for the x and y polarizations (x-p and y-p) are quite different. It's obvious to see that the x-p beam has a lower threshold than the y-p beam in cavity, which are 880 mW and 1.35 W respectively. The reason of the lower threshold for x-p polarization beam is that the frequency of the x-p beam is closer to the central frequency of the gain curve. One point to mention is that, though the output powers are measured at cooling temperature of 28°C, the tendency is similar to that of other cooling temperatures from 18 to 34°C according to our experimental measurements.
In Fig. 2 , the insets are the detected beam profiles at different pump powers for x-p and y-p beams. It can be observed that the beam profile of the x-p beam experiences three states under 1.7 W pump power, which are single TEM 00 mode, superposition of TEM 00 mode and LG 01 mode and single LG 01 mode. For the y-p beam at the first two states, there are still some signals could be detected by the CCD camera. We use one more PBS to double check if it is y polarized beam, or just a leak of the x-p beam from the polarizer. The results show that it is y-p beam, with similar intensity distributions to x-p beam. This weak y-p signal is considered to come from the depolarization of the x-p beam by Nd:YAG chip's thermal induced birefringence effect. And for the third state, the y-p beam is a TEM 00 mode, corresponding to the LG 01 mode of x-p beam. Once the pump power reaches 1.4 W, the TEM 00 mode for y-p beam is built, and its output power increases linearly. While, the x-p TEM 00 mode is no longer exist due to the modes competitions.
At pump power of 1.4 to 1.6 W, the beam profiles of the x-p mode and y-p mode and their superposition are shown in Fig. 3. Fig. 3(c) shows the total power intensity distribution measured without the PBS. As shown, the total power intensity distribution is a near top-hat one. While the polarizations of the center beam and the edge beam are not coincident, but perpendicular to each other. What's more, due to the cavity lengths' difference of the two perpendicular polarizations, the optical frequencies (peak wavelengths) at these two areas are also different, which can be proved by Fig. 4 latter. The y-p beam maintains the TEM 00 mode at the pump power range of 1.4-1.65 W, above which it varies to HG 01 mode. And the generated x-p LG 01 mode and y-p TEM 00 mode have a good stability, which can last for hours.
Next, the wavelengths' difference (or frequencies' difference) of the x-p and y-p beams are measured separately by a spectrometer with a resolution of 0.02 nm. Firstly, the peak wavelengths of x-p and y-p beams at different pump powers at 28°C cooling temperature are measured, as shown in Fig. 4 . The black curve shows the peak wavelengths of the x-p beam, and red curve shows that of y-p beam. It can be seen that wavelengths of both the x-p and y-p modes (black and red curves) get longer with the increase of the pump power. The black curve is approximately linear increasing (except the point at 1.2 W pump power), while there is a quick jump for the red curve at 1.4 W pump power, which just corresponds to the laser power and mode's variations of the y-p beam. And the reason will be discussed also in Section 4. Secondly, the peak wavelengths of x-p LG 01 mode and y-p TEM 00 mode are measured by changing the cooling temperature of the laser cavity. The pump power maintains at 1.4 W. The peak wavelengths of both the perpendicular polarized components under different cooling temperatures are shown in Fig. 5 . We could see that the peak wavelengths of both the x and y polarized beams have a positive correlation with the temperature at each range divided by the dashed lines. To the y-p beam, the peak wavelength almost linearly increases with the cooling temperature, except the singular point at 29°C. While to the x-p beam, it's obvious to see that there are two saltus in the curve around the temperature of 23.5°C and 30.5°C, respectively. The saltus are induced by the competition of two nearby longitudinal modes and the resulting mode jump, which is experimentally observed with the spectrometer. For the y-p beam, we notice that the peak wavelength drops to 1064.40 nm at 29°C, which is the same with that at 18°C. It means that the two nearby longitudinal modes at 29°C are 1064.40 nm and around 1064.59 nm (a predict value from the linear fitting). And this also helps us to predict the value of the longitudinal mode interval for y-p beam. The cavity longitudinal mode intervals of the x and y polarizations are theoretically calculated to be 52.30 GHz and 52.37 GHz at room temperature, respectively. Meanwhile, from the measured results shown in Fig. 6 , we can predict the experimental longitudinal mode intervals to be around 51.5 GHz (48∼55 GHz) and 48.2 GHz (46.4∼51 GHz) for x-p and y-p beams respectively, which are in good agreement.
However, why the peak wavelength goes back to around 1064.6 nm but not increases gradually from 1064.4 nm as the x-p beam, when the cooling temperature exceeds 29°C. It dues to the longitudinal spatial hole burning effect. The x-p mode occupies most of the population inversion at the higher frequency (shorter wavelength) range and suppressed the y-p beam around its frequency. Then the lower frequency (the nearby longitudinal mode with longer wavelength) has a higher gain at the temperature range of 31-34°C. While at 30°C, the two frequencies of x-p and y-p beam are too close, so both the higher and lower frequencies are occupied by x-p beam, and the lower frequency has a relative higher gain just right.
Discussions
It's known that thermal change could induce the variations of both the refractive index and physical expansion of crystals. Then the total optical length L in a microchip will be changed, which can induce the frequency (or wavelength) shift.
The dependence of the variation of laser central frequency with temperature can be derived as below,
Where, c is the velocity of the light, k is the order of the longitudinal mode, and equals to 2L/λ, L is the total optical length of the cavity, which equals to
Here, n x,L TO 3 = 2.14, n y,L TO 3 = 2.136 at room temperature, dn L TO 3 /dT = 25 × 10
respectively for x and y directions, α z,LTO3 = 16 × 10 −6 K −1 [19] . dn YA G /dT = 7.3 × 10 −6 K −1 , and α YAG = 7.8 × 10 −6 K −1 <111>. And we can obtain dν/dT < 0 from the equation, which is coincident with the experimental results in Fig. 5 and Fig. 6 .
The temperature variation in the Nd:YAG crystal is influenced by both the pump power and the cooling temperature. The cooling temperature could be regarded as the boundary value of Nd:YAG chip, and it offers a base value for the temperature distribution in the pump area. According to the thermal conduction theory for the end pumped lasers, the stable temperature relative distribution inside the Nd:YAG chip can be calculated with the equation below [20] , [21] ,
Where, η h is the fractional thermal load, P 0 is the pump power, α is the absorption coefficient, l is the Nd:YAG chip thickness, K c is the thermal conductivity of Nd:YAG crystal, r 0 is the fixed distance from pump area's center to 'cold point' defined by Ref. [21] , and r is the distance from the calculated point to the center. Because of the spatial distribution of temperature inside Nd:YAG chip due to thermal lens effect, the cavity optical length will also have a spatial distribution at different r. As the TEM 00 mode and
LG 01 mode have different beam radius, there will be an additional optical frequency difference for the two transverse modes. In Fig. 5 , we could discover that the curve of x-p laser's peak wavelength has a small drop just after pump power exceeds 1.2 W (see red circle in Fig. 5 ), except where the entire line is approximately linearly increased. It just corresponds to the intensity ratio's variation of TEM 00 and LG 01 mode (see Fig. 3 for better understanding). Since the LG 01 mode locates at the relatively low temperature edge of the pump region, the shorter wavelength (higher frequency) is obtained. Once the pump power increases to 1.4 W, the y-p TEM 00 mode reaches its threshold and starts to oscillate. Because of the frequency difference and the longitudinal spatial hole burning effect, the y-p TEM 00 mode influenced by the LG 01 mode less than the x-p TEM 00 mode. So the y-p TEM 00 mode can achieve relatively higher power. The reason for its peak wavelength jump around 1.4 W (red curve in Fig. 5 ) is that the y-p mode jumps from LG 01 mode (generated by the depolarization of x-p LG 01 mode in gain medium) to TEM 00 mode, with oscillation position moving from low temperature area to high in Nd:YAG chip. Since the temperature distribution in LTO 3 could be regarded as uniform, it means that the optical length difference is only induced by the Nd:YAG chip. And from equation (2), neglecting the item of LTO 3 , we achieve dυ y /dT YAG = 2.12 GHz/K. Then the frequency difference between point B and A is about 10.6 GHz, corresponding to a temperature difference of 5 K. It's close to the theoretically calculated value of 3 K in the above paragraph.
From equation (2), it can be seen that both the optical length of Nd:YAG and LTO 3 crystals will be affected by the cooling temperature. However, due to the isotropy of Nd:YAG crystal, the cooling temperature caused optical length difference for x-p and y-p beams is only introduced by LTO 3 crystal. We can get the calculated value of dυ x /dT = 6.67 GHz/K, and dυ y /dT = 4.45 GHz/K, with frequency difference gradient of d υ/dT = 2.22 GHz/K. And from Fig. 6 , the experimentally achieved values are dυ x /dT = 7.95 GHz/K, dυ y /dT = 4.64 GHz/K, and d υ/dT = 3.31 GHz/K at the range of 24-30°C. The calculated and experimental values of d υ/dT are both close to the values of 2.1 GHz and 3.0 GHz in Ref. [19] . In the central temperature range, the value of υ varies from 24 GHz at 24°C to 3 GHz at 30°C (except 29°C) according to Fig. 5 . The beat signal between x-p and y-p components are achieved by inserting a polarizer with polarization axis having a 45°with x or y axes. Beat signals with frequency smaller than 3 GHz are detected by a photo diode (3 GHz bandwidth) and measured with a frequency analyzer (6 GHz range) at the cooling temperature of 18°C and 30°C. Results are shown in Fig. 6 . By temperature controlling with a ±0.01°C accuracy, the beat frequency long period drift can be restricted within ±20 MHz. And a further experiment to lock the beat frequency by phase locking loop is going on.
Conclusions
Dual-polarization, dual-frequency and dual-transverse-mode laser beam based on the dual-medium microchip laser are experimentally obtained. The thermo-induced dynamics of optical frequencies of the dual-transverse-mode are investigated. It proves that the thermal distribution in cross section induced by thermal effect of pump power also influences the optical frequency of the dualtransverse-mode, thus the beat frequency of the dual-frequency is also influenced. This kind of dual-polarization, dual-frequency and dual-transverse-mode might be of important applications in laser physics, optical manipulation, and optical communications.
